The Dubas bug Ommatissus lybicus is a serious pest of date palms. The infestation level of the Dubas bug varies from location to location, as well as from one season to the next. Climate factors are considered to be the main drivers for fluctuations in infestation levels. Few studies have examined the effects of solar radiation on O. lybicus infestation. This study was undertaken to examine the effect of solar radiation on O. lybicus infestation levels in Oman. Infestation data were collected during the spring infestation seasons of 2009 and 2016 from 49 and 69 locations, respectively, from seven governorates of North Oman. The monthly clear-sky potential solar radiation was calculated from a digital elevation model (DEM) with 20-m resolution in the ArcGIS environment, and the average daily solar radiation was calculated for each month. Ordinary least square regression (OLS) and geographic weight regression (GWR) models were run to find the relationship between infestation levels and solar radiation. The infestation level ranged from 0.02 insect/leaflet to 32.98 insects/leaflet, with an average of 7.50 insects/leaflet in 2009 and 0.17 insect/leaflet to 17.52 insects/leaflet, with an average of 4.38 insects/leaflet in 2016. The highest solar radiation was recorded in June, with an average of 27.7 MJ/m 2 /day, and the minimum was in December, with an average of 14.1 MJ/m 2 /day. The higher infestation rate showed a weak correlation with solar radiation.
Introduction
The Dubas bug, Ommatissus lybicus de Bergevin (Hemiptera: Tropiduchidae), is the main and most serious crop pest of the date palms Phoenix dactylifera Linnaeus (Arecales: Arecaceae) in Oman [1, 2] , and in other regions of the Middle East and North Africa. It is considered a monophagous insect, as it attacks only P. dactylifera [3] . It has two generations each year, during which the bugs actively feed, the nymphs develop into different stages and into adults, and the females lay eggs. The two generations occur in the spring and autumn. In the first generation, eggs start to hatch around February to March, and the presence of nymphs and adults extends to May. The adults lay eggs that diapause until next season. In the autumn generation, eggs start to hatch in August, and the nymphs and adults extend until November and laid eggs that diapause until next February (spring season). Nymphs and adults feed by sucking sap from the palm fronds, thereby draining the date palm trees of nutrients. The insects expel excess honeydew as they feed on the date plants [1, [4] [5] [6] [7] [8] . Honeydew accumulation on date palm surfaces promotes fungus growth on the leaves and affects photosynthesis, which in turn leads to a reduction in date palm growth and productivity. In addition, the presence of honeydew makes the trees and the immediate surrounding land sticky, thereby complicating cultural practices, plantation management, and services. The economic impact of O. lybicus is estimated at around 28% in Oman [9, 10] .
The effects of solar radiation on crop pest factors such as infestation, population, crop damage, impact, biological growth rate, and ecology have been studied by many researchers over the past five decades. For instance, Mazza et al. [11] found direct and indirect relationships between solar radiation and infestation by the thrip Caliothrips phaseoli Hood and the soybean worm Anticarsia gemmatalis Hübner on soybean crops. Kampichler and Teschner [12] found a higher infestation by Mikiola fagi Hartig on plant canopies exposed to high solar radiation. Mezei et al. [13] found a significant positive relationship between the pheromone trap catches of spruce bark beetle Ips typographus Linnaeus and solar radiation. Pepper and Hastings [14] found that solar radiation increased the body temperature of three species of grasshopper by 12 • C, even at low air temperatures. Cena and Clark [15] found that the honey bee thorax temperature was higher under sunny conditions than under cloudy conditions. Nel and Hewitt [16] found a negative effect of solar radiation on the harvester termite Hodotermes mossambicus Hagen, in which the mortality rate of both larvae and adults increased as the duration of sunlight increased. Odera [17] found that the death rate for cone insects on eastern white pine Pinus strobus Linnaeus was higher for insects exposed to solar radiation than for insects in shaded areas. Battisti et al. [18] studied the effect of solar radiation on the initial larval stage of Thaumetopoea pinivora Treitschke feeding on Pinus sylvestris Linnaeus plants, and reported that the larval growth rate increased with solar radiation. de Groot and Kogoj [19] found a positive relation between solar radiation and the population size of Cheilosia fasciata. Schiner and Egger and Selas et al. [20] , who studied the effect of sun patches on the populations of different moths in a birch forest in central Norway, reported that moth larvae preferred plants that were exposed to direct sunlight in the winter periods; however, the population decreased significantly with increases in sun patches. Conte et al. [21] found that Culicoides imicola Kieffer preferred areas exposed to sunlight compared with Obsoletus Complex Culicoides pulicaris Linnaeus, which preferred sheltered and dense plant areas.
Obtaining a clear relationship between solar radiation and living organisms requires that solar radiation be measured in small sized patches (fine spatial resolution) to provide a good representation of the spatial variation in solar radiation at every location [22] . The geographic information system (GIS) has become a key platform for solar radiation modeling because it easily handles spatial data. A digital elevation model (DEM) is used in a GIS to estimate the viewshed of a certain point/area toward the sky [23] [24] [25] . Kumar et al. [22] proposed a widely used GIS-based solar radiation model that could calculate the received solar radiation on a daily basis, and then be integrated with other spatial data to study the relationship between solar radiation and plant/animal species.
Many studies have been undertaken to understand the various biological parameters of O. lybicus [2, [26] [27] [28] . These studies represent the fundamental basis of insect ecology [29, 30] . In addition, general temporal seasonal patterns have been documented in most countries where O. lybicus is a serious pest. However, this temporal scenario is subject to variances due to differences in climate, weather, and environment from year to year. Oman has a wide geographic variance, which increases the importance of the climate difference from location to location; therefore, O. lybicus infestation varies temporally with differences in temperature and humidity within the season itself, as well as from season to season and from year to year [2, 31] . Mahmoudi et al. [32] found a negative relationship between the hourly solar radiation and O. lybicus populations in Hormozgan and the southern Fars province, Iran.
Despite these previous studies, no study has been undertaken that investigates the relationship between the O. lybicus and solar radiation in relation to topography variance, especially at broad scales. The aim of this study was to model spatial and temporal variation in solar radiation based on fine resolution DEM layers using a GIS, and then to use the obtained data and data on the presence and density of O. lybicus infestation in Oman to understand the relationship between solar radiation and the infestation levels and spatial distribution of O. lybicus. This is the first study of this kind to investigate the relationship between solar radiation and the presence and density of O. lybicus across a country. 
Materials and Methods

Study Area
The study area included 49 villages (locations) in 2009, and 69 villages in 2016, which were isolated from each other in the northern governorates of Oman where date palm is cultivated (Table 1 and Figure 1 ). The total area of Oman is 309,500 square kilometers; however, the study location was limited to the northern part of Oman (North 26 • 00 N, 56 • 00 E and Far East 22 • 00 N, 59
• 00 E) where date palm is cultivated as the main crop. The elevation in Oman varies from 0 m to 3000 m (the highest point is Jebel Al-Akhdar). In general, the climate of Oman can be classified as arid to semiarid, including hot wet areas near the sea coast to hot dry areas in the interior of Oman farther away from the sea. The average annual precipitation is 62 mm/year; it ranges from 20 mm/year in desert areas to 300 mm/year in mountainous areas [33] . In the study area, the elevation ranged from 200 m (Hamim village) to 820 m (Al-Hajer village). investigate the relationship between solar radiation and the presence and density of O. lybicus across a country.
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Infestation data were obtained from the Directorate General of Agriculture and Livestock Research, Ministry of Agriculture and Fisheries, Oman. The date palm plantations that had been evaluated during [4] that involved the direct counting of the number of nymphs on 60 leaflets of three fronds from five randomly selected trees in 2009, and 40 leaflets of two fronds from 10 randomly selected trees in 2016. The mean number of insect counts per each location was calculated. The infestation levels were classified based on the average of the total number of insects per leaflet at each location, as low (average number was less than two), medium (average per leaflet was at least two, but less than five) and high (five insects and above). Data for infestation for all of the locations with their coordinate system were prepared in Excel, and saved as a comma delimited (CVS) file to be interpolated in ArcGIS software (ESRI Inc., Redlands, CA, USA).
Solar Radiation Data
Solar radiation can be measured through the use of weather stations or specific instruments installed at particular locations; however, these instruments measure the solar beam falling on the measurement instrument only and not on surrounding locations, thus yielding readings that represent only the point of the weather station or instrument [34, 35] . Solar radiation varies spatially due to differences in land topography, such as elevation, aspect, slope, and hillshading of the location, as well as due to weather conditions and sky cloudiness. It also varies temporally due to the position of the sun in the sky [36, 37] . Solar radiation is not a variable such as rainfall that can be measured at particular locations within close proximity and interpolated to provide a spatial layer for surrounding regions. For correlation analysis and overlaying on other spatial layers, solar radiation needs to be calculated for every single pixel. GIS-based solar radiation modeling does exactly this [22] . The output is a continuous layer that can be overlaid on other layers for spatial analysis. Kumar et al. [36] used weather station data from across Australia to show that solar radiation modeled in a GIS environment using the Kumar et al. [34] model had an accuracy rate of around 99% under clear sky conditions when compared to actual instrument measured data, thus enabling modeled solar radiation data to be used with confidence with other spatial data layers.
A 5-m resolution DEM (WGS 1984 UTM zone 40N) of Oman was obtained from the Oman National Survey Authority. The DEM data were processed in ArcGIS 10.2 ESRI software. The files were mosaicked and projected as raster layers, and later clipped to enclose the study locations only. The DEM was resampled to a 20-m resolution to reduce the solar radiation calculation time that was required. The date plantations are large in area, so modeling the solar radiation at very fine scales was unnecessary.
Solar radiation was modeled using the DEM in an ArcInfo workstation (ESRI Inc., Redlands, CA, USA) by adapting the model developed by Kumar et al. [22] . Solar radiation (kJ/m 2 /h) was calculated at half-hour intervals for monthly intervals in the year. The average daily solar radiation for each month (MJ/m 2 /day) was then calculated. Polygons were delineated on the date palm plantation area for all of the locations that were evaluated during the two years on Google Earth. The polygons were later imported to ArcMap (ESRI Inc., Redlands, CA, USA), and the mean value of solar radiation for each location was extracted for correlation with infestation data.
Analyses
Since the field data were collected in the period from the end of March to mid-April, regression analysis was run with infestation and solar radiation data from February (one month before the readings and around the commencement of hatching), data from March, cumulative data from January and February, cumulative data from January, February, and March; cumulative data from February and March, and the minimum and maximum solar radiation for the year for each location.
Ordinary least square regression (OLS) was used to compute the global relation between the infestation average (dependent variable) and the daily average solar radiation (independent variable).
However, the interpretation of the results showed high collinearity between the solar radiation data (independent variables from February and March, cumulative data from January and February, cumulative data from January, February and March; cumulative data from February and March, and the minimum). The independent variables, which showed a higher variance inflation factor (VIF), were removed from model, and the OLS was run to obtain a good/best fit model. The Moran's I index was run to find the spatial autocorrelation of the standard residual of OLS. The geographic weight regression (GWR) was run later to find the local correlation. GWR is a spatial statistical model that is an extension of the OLS model enabling the relationships between the independent and dependent variables to vary by location, thus adding a level of modeling sophistication [38, 39] . It indicates where non-stationarity is occurring on the map or where the locally weighted regression coefficients are moving away from globally calculated values. The variation of local coefficients in space can be taken as an indication of non-stationarity.
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Solar Radiation Data
The lowest solar radiation for the studied locations was recorded in December, at a minimum of 10.8 MJ/m 2 /day and a maximum of 15.9 MJ/m 2 /day, and an average of 13.9 MJ/m 2 
Ordinary Least Square Regression Results
The ordinary least square regression (OLS) model showed a high correlation among the independent variables. None of these showed significant correlation with infestation for the two 
The ordinary least square regression (OLS) model showed a high correlation among the independent variables. None of these showed significant correlation with infestation for the two years. The lowest VIF was found with maximum solar radiation readings of 5. and 584.9 for 2009 and 2016, respectively. The minimum solar radiation reading showed a significant correlation, with R 2 = 0.08, p = 0.02 for 2009 after dropping the variable with the higher VIF, and the model was run with maximum and minimum. The Jarque-Bera statistic of the OLS test was significant for both years, indicating that the residual was not normally distributed (Table 2 and Figure 5 ). years. The lowest VIF was found with maximum solar radiation readings of 5.8 and 4.4 for 2009 and 2016, respectively. The next lowest VIF was found with minimum solar radiation readings of 53.3 and 584.9 for 2009 and 2016, respectively. The minimum solar radiation reading showed a significant correlation, with R 2 = 0.08, p = 0.02 for 2009 after dropping the variable with the higher VIF, and the model was run with maximum and minimum. The Jarque-Bera statistic of the OLS test was significant for both years, indicating that the residual was not normally distributed (Table 2 and Figure 5 ). 
Autocorrelation Results
The results of autocorrelation showed low scores for Moran's I index of 0.01 and 0.07 for 2009 and 2016, respectively, with a non-significant p-value > 0.05 (Table 3 ). This indicated that the standardized residual was randomly distributed. 
Geographic Weight Regression Results
The GWR model run with the minimum solar radiation for two years showed an improvement in the coefficient of determination, R 2 , for 2009 (R 2 = 0.28), but not for 2016 (Table 4 ). Akaike's Information Criterion (AIC) for GWR for 2009 was (305) lower than the OLS (311.7), indicating an improvement of the prediction model.
Bandwidth is the exploratory distance in which the GWR constructs the relation between dependent (infestation) and independent (solar radiation) variables. The residual squares in 2009 are smaller than in 2016, indicating that the difference of estimated value for 2009 was more accurate than for 2016. 'Effective Number' represents the difference of fitted value and the bias of the estimated coefficient in relation to bandwidth, and how that is in agreement with the coefficient results. The value for 2016 is lower than for 2009, and the R 2 (0.01) approaches zero for 2016. The two years showed a small value for sigma, indicating that the residual standard deviation is very low. Akaike's Information Criterion (AIC) value is used to compare the fitness of the two models. 
Discussion
The results of this study indicated a very weak negative relationship between the minimum solar radiation and the mean infestation in 2009. The coefficient of determination R 2 = 0.28 improved with the GWR model when compared with the OLS model (R 2 = 0.08), indicating a geographic effect on the infestation severity with the minimum solar reading in 2009. The coefficient of determination R 2 for both the OLS and GWR models was lower than 0.5 (50%), which indicated a weak relationship between the infestations and solar radiation.
Solar radiation modeled within a GIS environment is mainly used to predict the amount of solar radiation in open places, without considering the microclimate, including the solar radiation, within the plantation [11] . By contrast, O. lybicus infestations flourish in dense plantations where all of the stages of O. lybicus insects are protected from the different harsh abiotic environmental factors [40] , including, to some extent, solar radiation [41] . Dense planting is a common characteristic of traditional date palm crop plantations [42, 43] . The current study investigated the relationship of solar radiation without considering other abiotic factors, such as temperature and relative humidity. Previous research has revealed a strong relationship between temperature and relative humidity on O. lybicus regulation [2, 26, 27] . Al Sarai Al Alawi [10] reported a higher population of O. lybicus on offshoots, which are protected from direct sun, compared to medium and high trees during the day, which could be one reason for the observed low influence of overall solar radiation on O. lybicus density. These factors all could contribute to the low effect of solar radiation on O. lybicus infestation.
The difference of other abiotic factors in the two years, such as precipitation, temperature, and humidity, could be the reason for the non-significant relation in 2016 and significant relation in 2009. 2009 had only one rainy day from February to end of March, in comparison to 13 days of rain during the same period in 2016 [44] . This could explain the lower infestation in 2016 and lower relationship between solar radiation and infestation.
Many studies have reported that solar radiation reduces the damage of insect pests on plants. For example, fewer leaf beetles were found where solar radiation was higher [45] , and a negative effect of solar radiation was observed on thrip density and damage [11] . Solar radiation may affect the growth rate of insects; for instance, it reduces the growth rate and increases the death rate of Trichoplusia ni Hübner larvae [46] . Moumouni et al. [47] reported a zero egg hatch for Callosobruchus maculatus Fabricius kept under direct sun radiation when compared to laboratory conditions.
Other studies have shown a positive relationship between solar radiation and insect populations. For example, solar radiation increased the size of honeybee thoraxes and abdomens [15] . Battisti et al. [48] reported that solar radiation raised the colony temperature of Thaumetopoea pityocampa Denis and Schiffermüller, thereby increasing feeding action during the winter period. A strong positive correlation was reported with rice hopper Nephotettix lugens Stal and Nephotettix cincticeps Uhler numbers and solar radiation in combination with a negative relationship with air moisture [49] . Mezei et al. [13] reported that solar radiation influenced the catch of spruce bark beetle I. typographus. The effect of solar radiation may differ from insect to insect, as well as at the different life stages of a particular insect. For instance, high solar radiation may lead to the death of Sogatella furcifera Horváth nymphs, but not adults [49] . Clench [50] reported that the wings of butterflies are the body part that is responsible for heat exchange, and this could explain the deaths of S. furcifera nymphs, which lack wings, and the survival of adults.
Conclusions
Solar radiation seems to have a moderate impact on O. lybicus density with high infestation levels and little or no effect with low infestation. The low effect could be attributed to the dense date palm plantings, which limited the interaction of O. lybicus with solar radiation. Further investigation is required to overcome the limitations of this study, such as the number of sampling locations and the variations in tree distance. In addition, the study of solar radiation in combination with different abiotic factors is necessary to obtain a better understanding of the main factors driving infestation levels. Further research will also look at the duration of sunshine rather than total solar radiation alone. 
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